Introduction

Acute F
− exposure always posed a high risk to human health during occupational and accidental exposure of hydrofluoric acid, ammonium bifluoride, or sodium fluoride (Lech 2011) . Apart from the groundwater contamination of F − , over fluoridation of public water system plays a major concern in many parts of the world (Gessner et al. 1994; Penman et al. 1997) . Acute F − exposure mainly emerges due to the ingestion of toxic amounts of F − -containing agents from workplaces, home, laboratories, hospitals, and industries which leads to systemic toxicity (EHC 2002; ATSDR 2003) . Acute F − exposure severely impairs the cardiovascular system and increases the risk of sudden cardiac failure. Previously, it was well studied that electrolyte imbalances, increased intracellular calcium-, hypocalcemia-, and hyperkalemia-mediated ventricular arrhythmias were the decisive events in the cardiac pathophysiology of acute F − poisoning in both human case studies (Kumar 2009; Takase et al. 2004; Vohra et al. 2008 ) and experimental models . In addition, F − alters the mitochondrial membrane potential in H9c2 cells and inhibits oxidative phosphorylation in rat cardiac mitochondria (Pacauskiene et al. 2009; Yan et al. 2015) . Our recent findings showed that F − exposure causes Lakshmikanthan Panneerselvam and Azhwar Raghunath contributed equally to this work.
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cardiac dysfunction through (i) increased myocardial oxidants and inhibition of antioxidant machinery, (ii) induction of apoptotic and necrotic stimulus, and (iii) impaired myocardial cytoskeletons and depletion of ATP level leading to the activation of AMPK signaling molecules in rat heart . Heat shock proteins (Hsps) are the endogenous stress response proteins that confer cytoprotection against xenobiotic insults (Kalmar and Greensmith 2009) . Hsps are categorized into subfamilies: HSPB1-Hsp27, Hsp32, DNAJA4-Hsp40, HSPD1-Hsp60, HSPA1B-Hsp70, and HSPC1-Hsp90 according to their molecular weight (16-110 kDa) and their localization in the various subcellular organelles. Among the diverse classes of Hsps-Hsp60, 70, and 90 exhibit molecular chaperone properties which maintain the balance between synthesis and degradation of protein folding and trafficking (Hart et al. 2011) . In general, the Hsps expression is either constitutive (HSPB1, HSPD1) or inducible (HSPA1B, Hsp32) and both (HSPA1B, HSPC1). The induction of Hsps is based on the nature of the toxic stimulus (Kalmar and Greensmith 2009) . The selection of these Hsps in the present study was mainly based on their role in various xenobioticinduced cardiotoxic and cardiovascular disease models (Lin et al. 2007; Snoeckx et al. 2001) . The expression profile of these Hsps is mainly used to monitor the cardiac pathophysiological consequences upon xenobiotic insults. Earlier literatures showed that single acute arsenic exposure induces Hsp70 expression in the heart, kidney, and liver of rabbits (Brown and Rush 1984) . Besides, upregulation of Hsf1 mediated overexpression of Hsp27, and Hsp90 attenuates H 2 O 2 -induced cardiac failure (Yu et al. 2012 ). In addition, exercise preconditioning upregulates cardiac Hsf1 and Hsp70 expression in pressure overload rat model (Xu et al. 2015) . Our previous study showed that F − -induced upregulation of Hsp60 and downregulation of Hsp27 are the indicators for the detection of oxidative stress and apoptosis, in rat liver (Kanagaraj et al. 2015) . Further, iron oxide nanoparticle exposure causes alterations in Hsp60, Hsp70, and Hsp90 expressions in mice male accessory glands-seminal vesicles and prostate glands (Sundarraj et al. 2017) . However, the status of Hsps expression in acute F − -induced cardiotoxicity is yet to be studied. Hence, we made an attempt to explore the molecular events leading to induction of myocardial Hsps in acute F − toxicity in male rats. Ltd., Bangalore, India), and the tap water were supplied ad libitum. All the animal experiments performed in this study were in consonance with the ethical guidelines certified by the committee for the purpose of control and supervision of experiments on animals (CPCSEA) and institutional animal ethical committee (Approval No.: 722/02/CPCSEA).
Materials and methods
Chemicals
Experimental design
The animals were randomly divided into three groups of three rats in each group. Group 1: normal control rats were administrated orally equivalent volume of tap water ( /kg in male rats (Whitford 1990 ). Based on our previous studies , we selected both doses of 45 and 90 mg F − /kg to assess the changes in the expression of myocardial Hsps in rat. After 24 h, the rats were sacrificed by cervical decapitation and the heart tissues were dissected out, rinsed in physiological saline, and stored in −80°C for further experiments.
Reverse transcriptase polymerase chain reaction (RT-PCR)
The total RNA from the rat myocardium was isolated and then first-strand cDNA was synthesized using commercially available kit (First-strand cDNA synthesis kit, Thermo Fisher Scientific, TX, USA) as per manufacturer's protocol. Polymerase chain reaction (PCR) analysis was performed in order to detect gene expressions of Hsps using the Eppendorf thermal cycler. Oligonucleotide primers used for amplification were shown in Table 1 . The PCR amplification profile for each gene involved an initial denaturation step at 95°C for 3 min and the annealing step was kept at a primer specific temperature for 45 s. The annealing temperature of 58°C was selected for the primers Hsp27, Hsp40, Hsp70, and GAPDH and 63°C for the primers Hsf1, Hsp32, Hsp60, and Hsp90. The PCR products were extended for 60 s at 72°C, with a final elongation step at 72°C for 7 min. After amplification, the RT-PCR products were electrophoresed on 2% agarose gels, and stained with ethidium bromide. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control to ensure equal sample loading. Relative messenger RNA (mRNA) expression was quantified using ImageJ analysis software (NIH).
Western blot analysis
Western blot analyses were performed in the myocardial tissue of control and F − -intoxicated rats. The myocardial tissues were homogenized with tissue homogenizer in ice-cold RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP40, 0.25% sodium orthovanadate 1 mM PMSF, and 1x protease inhibitor cocktail, Sigma-Aldrich) and the total protein was measured using Bradford reagent with BSA as standard. Forty micrograms of protein sample was equally loaded in each lane separated by 10% SDS-PAGE gel electrophoresis and transferred to a PVDF membrane. The membrane was blocked using 5% fat-free BSA and incubated overnight with respective primary antibodies ( Table 2 ). The proteins were detected using horseradish peroxidase-conjugated anti-rabbit secondary antibodies and visualized by the TMB staining kit. The membrane was not reprobed using stripping buffer. GAPDH was used as the internal control to ensure equal sample loading. Densitometry analyses of immunoblots were performed using ImageJ analysis software (NIH).
Immunohistochemical analysis
Immunohistochemistry was performed based on a standard optimized protocol of McNicol and Richmond (1998) with few modifications as standardized earlier in our previous study . The paraffin-embedded unstained section of myocardial tissues were deparaffinized in the xylene and followed by subsequent rehydration with descending series (100%, 90%, 70%, 50%, 30%) of ethanol. The sections were placed with laboratory stainless pressure cooker in order to unmask the antigen by heat-induced epitope retrieval method. Endogenous peroxidase activity was quenched by The acronyms used are related to database information and human homologs (http://rgd.mcw.edu/nomen/nomen.shtml)
Acute F − exposure alters myocardial heat shock proteins in ratstreating the slides with 1% H 2 O 2 solution. The slides were blocked with 5% BSA for 1 h at room temperature to avoid the non-specific reactivity. The sections were incubated with respective primary antibodies in Table 2 . The proteins were detected using horseradish peroxidaseconjugated anti-rabbit or anti-goat secondary antibodies.
Immunoreactions were labeled using a DAB staining kit. Sections were counterstained with hematoxylin, dehydrated with ascending series of ethanol, and mounted with distrene plasticizer xylene. Immunoreactivity was quantitated in a blinded fashion for depicting the total number of positively stained cells.
Statistical analysis
All the values were expressed as mean ± SD of three rats in each group. The data were analyzed with one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test using SPSS (20.0) software package. p < 0.05 was considered to indicate statistical significance.
Results and discussion
The expression levels of cardiac Hsf1 and Hsps (Hsp27, Hsp32, Hsp40, Hsp60, Hsp70, and Hsp90) were determined using RT-PCR, western blotting, and immunohistochemical staining studies in the control and F − -intoxicated rats. The relative mRNA ( Fig. 1) and protein ( Fig. 2) expression levels of Hsf1 and Hsps (Hsp27, Hsp32, Hsp60, and Hsp70) were found to be elevated in both the 45-and 90-mg F − -treated rats when compared to control ( Supplementary Figs. 1 and 2 ). The expression levels of Hsps (Hsp40 and Hsp90) were significantly declined in a dose-dependent fashion in these animals. The similar pattern of differential expression of all the above mentioned Hsps was also observed in the immunohistochemical studies (Fig. 3) .
Hsps are among the major defensive stress proteins, which play an important role in the pathophysiology of various xenobiotic-induced cardiotoxicity models (Shan et al. 2003; Yu et al. 2012) . Acute F − poisoning is known to cause sudden cardiac failure in both humans (Vohra et al. 2008; Lech 2011) and experimental animals (McIvor et al. 1987) . Our previous study showed that acute F − exposure impairs cardiac dysfunction through increased mitochondrial oxidative damage, apoptosis, and necrosis in rat myocardium . The present study was aimed to determine changes in the expression of cardiac Hsf1 and Hsps (Hsp27, Hsp32, Hsp40, Hsp60, Hsp70, Hsp90) and their crucial role in acute F − -induced cardiac dysfunction. Hsf1 is the transcription factor, which regulates the expression of several Hsps (Christians et al. 2002) . Upon the unfavorable state, Hsf1 migrate to the nucleus and binds in the promoter region of heat shock element, thereby initiating transcription and synthesis of Hsps. In general, activation of Hsf1 confers pro-survival mechanism in the cardiomyocytes exposed to various physiological stressors, including ROS (Nishizawa et al. 1999) , oxidative stress (Kalmar and Greensmith 2009) , and hypoxia (Snoeckx et al. 2001) . Interestingly, in our study, a significant increase in the expression of Hsf1 and its downstream Hsp27, Hsp32, Hsp60, and Hsp70 with concomitant decrease in Hsp40 and Hsp90 were observed in the myocardium of F − -treated rats when compared to those in the control. Thus, the increased cardiac Hsf1 expression might be due to the induction of ROS-mediated oxidative stress in the myocardium of acute F − -intoxicated rats .
Therefore, the elevated cardiac Hsf1 level endows defensive role in cardiac physiology of acute F − intoxication. The activation of Hsf1 is accompanied by increased levels of Hsp27, Hsp32, Hsp60, and Hsp70, but decreased expression of Hsp40 and Hsp90. This decreased expression of Hsp40 and Hsp90 has to be investigated further. It has been reported that increased expression of myocardial Hsp27 serves as a prognostic marker for myocardial ischemia (Ghayour-Mobarhan et al. 2012) . Thus, increased cardiac Hsp27 expression in the present study was correlated with our previous report, which exhibits increased myocardial cTnI expression associated with myocardial necrosis and impaired contractile function in acute F − intoxication . Furthermore, Hsp27 has been demonstrated to play an important role in regulating intracellular redox homeostasis and anti-apoptosis (Arrigo et al. 2005) . We speculate that increased expression of Hsp27 in the lower concentration of F − exposure might be due to its reductive stress-associated cardiomyopathy (Zhang et al. 2010) . Besides, decreased expression of Hsp27 in the higher concentration of F − might be due to enhanced apoptotic stimulus in the rat heart. The results were in accordance with our previous findings, which revealed the increased myocardial expression of apoptotic markers such as terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) staining and pro-caspase 3 expression in a dose-dependent manner of acute F − -treated rats . Similarly, we reported the decreased levels of Hsp27 expression in the liver of F − -intoxicated rats, which could be due to oxidative stressmediated apoptosis (Kanagaraj et al. 2015) . It is well known that F − is a potent inhibitor of myocardial antioxidant enzymes and increases the intracellular oxidants through the Nox4 expression in rat heart Oyagbemi et al. 2016) . The increased Hsp32 expression in the present study was directly associated with decreased glutathione content in diethyl maleate-treated brain (Ewing and Maines 1993) and F − -exposed heart in rats.
Increased levels of circulating Hsp60 were found in patients with acute myocardial infarction (AMI) suggesting a predictive marker for post-AMI adverse events (Novo et al. 2011 ). In our study, the increased levels of Hsp60 expression in acute F − intoxication could be correlated with increased oxidative stress-mediated apoptosis in the myocardium . Our findings in the present were in accordance with our previous report, which exhibits increased expression of hepatic Hsp60 in rats exposed to chronic F − intoxication (Kanagaraj et al. 2015) . Earlier studies showed that elevated extracellular levels of Hsp70 serve as a prognostic marker for inflammatory cytokine-mediated immune response and the progression of heart failure in patients with acute AMI (Jenei et al. 2013; Satoh et al. 2006) . Our results are in accordance with the report of Chattopadhyay et al. (2011) . Their findings showed the increased oxidative stress directly correlated with elevated Hsp70 expression in the mice kidney exposed to chronic F − intoxication. Hayashi et al. (2006) reported that Hsp40 plays a crucial role in regulating the mitochondrial biogenesis and respiratory chain disorders in the progression of dilated cardiomyopathies. The inactivation of human Dnaj homolog Hdj2 was due to the oxidation of cysteine residue in the zinc finger domain leading to the loss of its chaperonic activity eventually increasing protein aggregation under oxidative stress (Choi et al. 2006) . However, to our knowledge, this is the first-ever study to reveal the expression of Hsp40 in F − -intoxicated rats. Thus, the decreased expression of Hsp40 in the present study is in line with our previous findings that exhibit increased oxidative stress, apoptosis, and mitochondrial dysfunction in both in vivo and in vitro . Further, Bouaziz et al. (2007) showed that F − exposure inhibits the expression of Hsp90 in the liver and kidney of mother and offsprings. Further, it has been reported that iron oxide nanoparticle exposure decreases the Hsp90 expression in mice male accessory glands-seminal vesicle and prostate gland associated with oxidative stress (Sundarraj et al. 2017 ). Thus, the decreased expression of Hsp90 might be due to the increased oxidative stress and apoptotic and necrotic stimuli in both doses of the acute F − -intoxicated rats. In addition, the decreased expression of Hsp90 could be through the integration of other stress signaling pathways and post-translational modifications (Prodromou 2017) . Similar decreased Hsp90 was also observed on exposure to steroid hormones with increased Hsf1 in the adult rat cardiomyocytes, which represents a unique pathway in the regulation of Hsps (Knowlton and Sun 2001) . Besides, Hsp90 reduction resulted in Hsf1 activation revealing its negative regulation (Snoeckx et al. 2001) . It has also been reported that pharmacological Hsp90 inhibitors activate Hsf1 stress response pathway and improve the glucose regulation in diabetic mice (Lee et al. 2013 ). However, the decreased expression of Hsp90 and upregulation of Hsf1 in the present study is subjected to further investigation.
Conclusion
To our knowledge, we are the first to reveal the differential expression of Hsps and their indispensable role in the pathophysiology of acute F − -induced cardiac dysfunction in rats. In our earlier studies, we observed that increased oxidative stress, mitochondrial dysfunction, apoptosis, impaired cytoskeleton intermediate filaments, and energy deprivation-mediated AMPK signaling molecules might be one of the possible reasons for the differential expression of Hsps. Thus, acute F − exposure alters myocardial Hsps expression at both transcript and protein levels. Further studies are needed to confirm with using Hsps-inducible or conditional knockout models.
